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28, DESIONS AND CHARACTERISTIOS OF OO)BUBT;_Q‘N CHAMBERS

X. V. Tnosemteev and V. B, Zuyev

e shall investigate several combustion chamber designs for modern gas-
turbine engines to determine how they satisfy the requirements imposed upon
them, v

At present, there are still no established opinions on conbustion chamber
design and therefore chambers of modern gas-turbine engines may be quite dif-
ferent in form, methods of mixing fuel with air, organization of the combustion
chanber, cooling of the chanber walls, and creation of # uniform temperature
field at the chamber outlet.

Combustion chambers can be divided into three groups ‘with respect to con=
struction.

The first group includes annulax chamber‘in which the engine has one common
annular chamber betwaen the compressor and turbine.

The second group inocludes tubular block chambers, which are several in-
dividual chambers in a common housing.

The third group includes tubular individual chambers, in which the engine
hae several separate chambers in the annular space between compressor and turbine,

Low weight and small size are the advantages of the annular chambers in
comparison with individual chambers, The advantage of individual tubular chambers
is that production and finishing of these small chambers is a oompa&rati.vely easy
task. Combersome experimental high=power units requiring large amoup‘as of air
are not needed to test individual cha.mbera. v

Tubular chambers are most advanced, combustion being relatively oomplete
;hd. bperatidh relatively stable under various expleitation conditions, P

At present, most gas-tur‘bine engines have 6 to 10 combuetion oha.mbe‘ré'&'
the tubwlar types. '
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Combustion Chambers and Zone (Figuresd 282-203)

Annuler 2

The combustion products &re mixed with air which has not pnrtioipated in
combustion in the socond part of the chamber (B), This io the zone of mixing
and after burning.

The air entering the chamver ie divided into two ptreams, primary and
gecondarye primary air enters the combustion zene through annuler holes (Vin
Flaure 263) of the burners, vhich are placed in the forward part of the chamber
and equipped with injectors. Secondary sir passes through the annular space G
which surrounds the combustion zone. At the end of tl.is space are forty V=
shaped mixing nozzlee arranged in & chockerboard pattern on both the inner and
outer jackets. This creates & very {ine grid of eighty nozzles to promote good
mixing of the burning gases coming from the chamber A along the contral ring

o ’ with secondary air leaving the annular cavity surrounding the combustion ohanmber
through the mixing nozzles.

There is & row of holes in the forward part of the outer jacket 7 through
which & small amount of air cerving for cooling enters the space behind the
jet dovice of the turbine from the narrow canal between {he housing 6 and the
outer jacket Te .

The inner Jacket 8 also has two rows of holes in the forward pard, through
which air enterse the canal formed by the inner jackeb 8 and the central bases
of the chamber 10, and then 4nto the hollow blades of the jet device of the turs

bine in order to cool them.

The front unit in the forward part of the chamber has 16 burners with in-

Jectors. Each burner has &n

outer cone 2 and an inner cone 3,

at the end of

which is & de

flector (vaffle) L.

The main fuel injector (Figure 28l;) consists of housing 1, 11ter 3,

e e e T

and head L. The {njector head has ball valve 11 and & swirl 15, |
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Fuel enters into the inlet hole A of the injector and passes through the
filter to the fuel ball valve 11, which drops by centrifugal force into the
valve housing. Here the fuel pasces through the canal V and then through the
five holes G, which are drilled tangentially to the inner cylindricel surface
of the swirl 15, Thus the fuel flowing into the combustion chamber through

the contral orifice (d=0,6.mp) is whirled intensively, which atomizes the jet
flowing from the injector.

The combustion chamber is equipped with six supplementary starting injectors
places between the main burners, and two spark plugs (Figwe 285) are placed near
the two upper injoctors (Figure 285). The starting injectors are located in i
the forward part of the clamber where air velooity is very low., The injectors
ewirl the jet and provide fine fudl atomization, .

In the burner of the chamber (Figure 286), air leaves the compressor with ‘
o velocity of approximately 150 moters per second, dropping to 100 meters per
second in front of the combustion chamber. About 60=704 of the total air dis-
charge enters the combustion zone of the chamber, while the remaining air is
directed to the mixing canals through the holes G. Most of the primary air
entering the combustion zone passes through canal 1 with a velocity of 60-70
meters per second, Swirls 2 form along the outlet from these canals, These
swirls pick up the drops of the fuel spray 3 which leaves the injector in the
form of & cone with an angle of approximately 30°, A small amount of air passes
around the injector through the inner annular slot, as a result of which air is
preliminarily mixed with part of the fuel in the inner cone of the burner,

Thus, the necessary conditions for good mixing of fuel with air and com=

e

buetion of the mixture are created by partial mixing in the inner cone and

the air swirls in the outlet from canal 1.

s AR AR

Important data on the test characteristics of one annular combustion

chamber is shown belows:
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Adr discharge G, = 19 ke/sec

1 Cﬂﬂigﬂ'pfﬁoﬂ 6 = 1170 kg/hour
Air Excees Coefficient o =h
Atmospheric Pressure at Chember inlot pps 3.2 kg/em2
Air Temperature &t Chamber Inlet t2=1.6o°c
Alr Velocity at Chamber Inlet w% =100 m/oec

Pressure Loss in Chamber Apz 0.5 kg/om?

Average Qa8 Temperature at Charmber Qutdet 1L 750°C

Gas Velooity at Chamber outlet After Mixing W3=95 n/seoc

Coofficient of Heat Liberatien E floo= 0:93-0:55
Combuation Intensity With Respect to
Total Chamber Volumo Qs 1014-106 kal/n /hour

Combuation Intensity With Respoct to
Qe = 240+20° Kal/md/hour

Vo= 0010
Vi m 0.8 nd

Volume of Comtustion Zone
Total Chamber Volumo

Volume of Combustion Zone

ent of heat 1iberation is probably the same as tgemperature

pligae| Coof fict
efficiency" defined as the ratiot Acbqu Combustion
Theoretical Iempera Ure RisBes

jptensity is close to our heat-release rate, being expressed in heat units per

volume units per hour instead of heat units per volume units per hour per

a‘omosphez;e] .

The combustion chamber discussed here was designed after long axperiment,

but etill gives comparatively satisfactory results only for definite velocities,

temperatures, and pressures of the air flow.

1f the air velocity or preasure changes while the overall air excess co-

efficient remains constant, ‘the composition of the mixture in the combustion

region will change and will no‘h correspond to the maximum combuetion speed

nditions of formation of the
oity in the swirl space, 8 relatively

because of the change of co annular swirls. Thus,

with an increase in the air flow velo
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greater quantity of air will be admitted, the air excess coofficient will in-
orease and for a certain maximun air velocity, the flame will collapee, i, ey
be extinguished.

A chanze of fresh air temperature or fuel consumption, i.e., of the gae
temporature, also influences the combustion procecs.

In the combustion chamber under consideration, for example, combustion is
poor at great heights, 1.e,, stability of the process is broken and combuetion
is relatively incomplete, due to the air temperature decrease and poorer atom=
ization,

The flame collapse boundary was studied experimentally in a oylindrical
combustion chamber. (See am Figure 207 for a diagram of the test unit and the
chamber studied.)

In the experiments, by changing the amount of fuel injected, i.e., by chang-
ing the composition of the mixture, & regime was selected at which combustion
beocame unstable and rapidly stopped for & further inercase of fuel consumption.
Proximity to this critical regime was recognized by intensification of noise
{n the chamber, In addition, approach to flame collapse conditions was revealed
by vibration of the manometer needle registering fuel pressure, this vibration
being caused by gas pressure variations at the unstable flame front. In each
teXt, gas veloclty wae minimum at starting and was gradually increased to the
desired value.

Experiments {Figurer268;-269)-250 summarize the results) have b een conducted
to determine the flame collapse boundary for two differeant atmoapheric pressures
at the combustion chamber inlet (Pym0.9 and 1.2 atmoapheres)‘ as a.function of
the air excess coefficient. The air temperature:in both cases was 15°0.

The results obtained for both pressures are also compared (Figure 290).

The comparison was made for the lower broken curves, since these obviously déter-
mine the beginning of poseible flame collapse and are of practical importance.
The results obtained show that the 4nfluence of atmospheric pressure upon the
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flame collapse boundaries is negligible in the region investigated.

A comparison of the flame collapse boundaries is next made for atmospherio
pressure p, of 1.2 atmospheres and two ailr temperatures, 15 and 90°C (Figwre 291),
As diagrams: show, the air temperature increase considerably expands the region
of stable combustion.

Flamo collapse and the cdifficulty of starting an engine at high flight
nltitudeg are due in considerable measure to the influeonce of air temperature,

A1l experiments showed a marked influence of air velocity upon the {lame
collapse boundary, especially for low alr excess coofficients alpha ©C.,

A definite air velocity, thie inorease of which led to flame collapse, corresponds
to each value of alpha for definiile pressures and air temperatures,

The investigations also showed that the quility of atomisation, the fuel
composition, and the way in which the combustion products are drawn from the

chamber all influenced the flame collapse boundary.

The Tubular Block Combustion Chamber !

The tubular block chamber consists of several individual chambers connected |
in a common housing in one block botween the compressor and turbine (schematic ;
diagram of this chamber ie shown in Figure 292).

Each individual combustion chamber (Figure 293) has an individual jacket 1,
in which are installed the injector 9 and the spark-plug 10. Only three chambers
are supplied with spark plugs, fuel being ignited in the remaining chambers when
starting the engine through the corrugated connecting sleeves,

The main fuel combustion takes place in the precombustion chamber, situated

in the forward part of the chamber, The combustion products are mixed with
diluting air in the mixer, located behind the precombustion chamber,
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In the forward part of the precombustion chamber, there is an air swirl

o e et s B S

L, with 6 bent blades, which are welded to the walls of the precombustion chambey
and to the central tute 5. ' }

The rear part of the precombustion chanber is equipped with a jet stabiliser
3, consisting of a solid bottom, the refleotor (baffle) 6, and ten tubular in-
olined braces 7 (forming & truncated cone) welded to the reflector, The braces
are hollow canals through which air passes into the precombustion chamber from
the annular slot A. There are slots B between the braces, through which the
gases flow out of the precombustion chamber.

The injector in the center of the preconbistion chamber sprays fuel toward
the air flow (Figure 29L). The injector is equipped with a swirl L with tangential
canals which twist the outgoing fuel.

Each chamber has an outer casing 1 forming an anmular canal A through which
air which has not participated in combustion pasees into the mixer,

In the high-temperature zone, the chamber casing is protected by the screen
8 made of l-millimeter sheet gteal covered with aluminum. All six chambers are
covered by a common housing made of sheet steel. The air fed by the compressor
into the combustion chamber ig divided into two flows. Primary air enters the ]
precombustion chamber and participates in fuel combustion, Air enters the pre-
combustion chamber through the swirl and the flowls made highly turbulent, The
central air jet, which passes through the central tube of the swirl, impinges
on the fuel jet which is fed into the flow and increases the angle of the fuel

s B T O T e

spray cone. The resistance of the precombustion chamber to the passage of gases i
is great due to the solid bottom and narrow slois at the end of the precombustion !
chamber, and only 20-30% of the air fed from the comprossor passes through it.

These facters create favorable conditions for after burning of the mixture

in the precombustion chamber, and the red-hot bobtom of the stabilizer promotes

stability of the conbustion process.
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The remaining air (secondary air) passes into the annular canal A and then
is dietributed in the following manner: '

The main part of secondary air pasees along the annular slot into the space
over the stabilizer 3 and enters the back part of the precombustion chamber
through the tubular inclined traces 7, whare it is m:l.xad' at the bottom of the
stabilizer.with the combustion preducts and partiq;i.pahufourning the incompletsly-
burned mixture. Part of the air passes alongside the screen 8, cools it, and
passes into the mixer where it is mixed with Lhe combustion products.

The main mixing of the combustion products with secondary air takes place
in the space over the stabilizer 3 of the precombustion chamber, wrere air enters
from ocanal A and the combustion products through the slots B of the stabilizer,
Comparatively yood mixing is attained rapidly in tho mixer due to the intensive
eddies emerging behind thc Lottom of the stabilizer, Partial burning of unburnt
fuel takos placu hiore.

Below wa give the more important data on one of the block combustion

chambers for nocrmal operation.

Air Discharge Through One Chamber a = 3,4 kg/sec
Cons U/H/UN ‘ar

Fuel Lxpendiiére in One Chamber . Gp = 218-220 kg/hour

Air Lxcess Coefficient o= 3.8

Atmospheric Pressure At Chamber Inlebt p, = 3.1 kg/cn?

Air Temperature at Chamber Inlet ty = 1600C

Air velocity at Combustion-Chamber Entry w% = 00 m/sec
Pressure Loss in the Chamber Ap =0.185 ka/cm?
Average Gas Temperature of Chamber Outlet t3 £ 760°0
Coefficient of Heat Libration B, = 0.92-0.95
Combustion Intensity With Respect to Total

()
Chamber Volume Q’,.=l.3h-106 kal/m hour
Total Volume of One Chamber V 2 0.0167 m
8 -
EI’IMLm Fx’a‘
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The Tubular Combustien Chamber (Figures 295-256) 1

The chamber consists of an inner flame tube and an outer ocasing. 3

Te flame tube, made of heat~resistant sheet steel, hae two parts, namely, |
the head, consisting of the ewirl L, the plate (tarelka) 3, and the cone 5, and
the housing, having oylindrical 6 and conical 8 sections., The swirl 4 is in
the center of the flame tube head and consists of an inner ring A, and outer
ring V, and the blades B between them, connected with the rings by a spot weld.
The plate 3 and the cone 5 have many holes for passing and "turbulizing® air
entering the flame tube.

The flame tube housing consists of two conical parts connected by a housing
ring having many holes and a cylindrical part., The eylindricsl part of the
flame tube has two rows of holos to admit air into the combustion zone from the
annular cavity formed by the flame tube housing and the casing. The second
conical section of the flame tube has four rows of holes, through which air from
tlie same annular cavity enters the mixing zone.

liach chamber has one injector of the open type, installed in the imnner ring
of the swirl, which adinils fuel in the direction of flow (Figure 297). Lntering
the injector, the fuel passes through the filter and enters the annular space,
from which point it is directed into the swirl, which hus three tangentially
placed holes. After being swirled intensively, the fuel jeb pasaes out through
the nozzle of the injector into the air flow.

The air fed by the compressor into the combustion chamber is divided into
two flows.

Primaﬁ' air enters the flame tube head through the central can%l and passes

into the cylindrical part of the flame tube, partly through the swirl vanes and

i
¥
¥
¥
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1

. partly through the holes of the plate and cone. Additional air enters the com-

e e P Sl G BT B & B B

bustion zone through the two rows of holes in the cylindrical part of the flame

tuke. l
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The swirl and breakdown of the air flow by the perforated plate and cone
osurfaces promotes strong "turbulization" and good mixing of the {low entering
the flame tubo; The amount, of twisting of air Ly the swirl and the dimensions
of the ewirl and head are selected to orecale reversed eddied flows of hot gases
which ignite Lhe fresh mixture and yet do not disturb uniform mixture distribution
along the chamber vwhen the chamber is operating normally. ﬂg‘;how that the
twisting of air Ly the swirl and reversed eddied flows of hot gases provide the
combustion speed necessary for flame stabilization under the most diverse operate
ing conditions of the chamher, wiile the coefficient of heat liberation Hgy, 5? ce.
is high for all conditions,

Secondary air enters the mixing zone bty passing through the annular cavity
between the flame tube houainﬁ and the combustion chamber casing and through
the four rows of holes on the second conical part of the flame tube, and also
through the holes in the ring conneclting the two conical parts of the tube,
Intake of air mixing with the hot gases is increased towards the end of the tube
because the diameters of the holes of the last rows are larger than those of
the first two rows.

Thus, after combustion of the main mass of fuel in the first cylindrical
part of the flame tube, where the air excess coefficient does not exceed o(wl.5
and where, consequently, high temperatures are developed, the combustion products
passing along the tube are mixed gradually with the secondary air coming in
through the radial holes. This results in combustion of unburnt fuel and de-

creases the temperature of the gases (‘oj) to an average of £50-875°C for an

e k8 i 48 e e

overall air excess coefficient oC = 3,8,

The important data for one of the tubular combustion chambers is given

below.
Alr Discharge Through One Chamber GA = 3.17 kg/sec
Consumption
Fuel Gxpendituxe in One Chamber 0y = 200~210 kg/hour
Air Excess Coeffieient o = 3.8
-10 -
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Atmospheric Pressure at Chamber Inlet pp = l? kg/mu2 {
Air Temperature at Chamber Inlet ty = 2009C I
Prescure Lose in Chamber Ap 20,18 ke/om?

Averapge Temperature of (nzes
at Chamber Outlet t32y 830°C
Goofficiont of leat Liberation E: c.c.&-l. = 0.97

Testu of the characteristics (Figure 298} of a chamber demonstrate: that
the temperature of gases in front of the turbine varieo over the broad interval
from 750 to 11000 K; at the same time, the coelficlent of heat liberaticn re=
nains almost unchanged.

The peculiarity of another tubular combus (ion chamber (Figure 292) is the .
use of two-canal injectors and special ignition unite. ‘

The fuel enters the injectors (Figure 300) through two pipes, the sturting
pipe and the main pipe. From the main pipe, the fuol enters the annular space
around the conical swirl 3 and then pesses through ring 7 into the lamellar i
swirl L, which has six tangential slots G. Fuel enters the vortex chamber V
from the lamellar swirl and poes out through the injector nozzle S

From the starting canal, the fvel passes through the gpiral canals of the
conical starting swirl 3, enters the vortex chamber V, and is sprayed into the
combustion charmber throuﬁhg the injector nozzle S.

For high W,ﬂ the fuel enters both pipes. In this case, part of
the fuel passes through the lamellar swirl and part through the conical swirl,

z after which all fuel enters the vortex chamber V of the injector and from there

i1s sprayed into the combustion chamber through the nozzle.
For low consumption, the fuel enters the injector only through the start=-
ing cansl, which is also the low-gas canal, In this case, the fuel passes only |

through the conical gwirl, and then through the vortex chamber and nozzle.

> Use of the two-canal injector guarantees good atomization of the fuel under

!

i

!

g all operating conditions.
i
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The ignition unit (Figure 301) consiete of & gtarting injector, & epu‘kplus.
and 8 control gechanisn, the solenold valve. When gtarting the combuation cham~
ber, the yalve 18 opened, and the Btarting fuel enters the gtarting injector,
through which it ie sprayed into the upnrk-i‘orming space around the plugs e
walle of the apark-rorming cavity, whioch are projected ineide the combuation
cramber have & row of holes though whioh pecondary n.trJ by passing vetween the
flame tube nousing and the chambor jacket,umers the atomized jet of starting
fuel and forms the mixture ipnited from the pluf. The tongue of ignited start=
ing fuel is8 gpraad into the main combustion zone of the chamber, where ignition
of the main mixture taked place,

Ignition units are inotalled in two chanbers. The frash mixture in the
other chambers 1o ignited with the help of ﬂnme-tranurrd.tting tubes which con=
nect the combustion spaces of all chambers.

he important parameters of this combus tion chamber as obtained from tests

are shown below!

Discharge of Ar Through One Charber Gy = L.5 kg/sec
Fuel Lxpenditure in One Chamber Op = 290 kg/hour
Air Excess Coefficient X = 3,0
Atmospheric Pressure ot Chambver Inleb Py = bl kg/cm?
Average Temperature of Gases ab
Chamber Outlet ty = 850°¢C
Coofficient of Heab Liberation 5-, c. c'ﬁ‘ = 0,96-0.98
| Combustion Intensity With Respect to
fotal Chamber Volume Q, = 102:10° kal/nPhovr
Total Chamber Volume v, =0.0285 n

1imiting ourselves 10 the most typical combustion chambers of gas-turbine

engines which we have considered, we conclude the following:

=12 -
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.Good mixture=formation shonld be especially atrived for in the design of
chambera:jinoo thie process limits to a conslderable degree the combustion
process. In a numbsr of cases, the combustion epeed is determined by the speed
of mixing of fuel with air, Therefore, mixture-formation problems play an ime
portant part in designing combustion chambers, especially those of gas turbine i
engines, where large amounts of fuel muet be Lurned with high heat release in
a gas flow moving with high speed, All modern combustion chambers of gas-turbine
engines are equipped with well-designed units and special injectors which pro-
vide rapid aud complete mixing of fuel and air,

The second churacteristic of all modern combustion of gas-turbine aircraft
is that all chambers are divided into two zones, i.e,, the combustion zone and
the mixing zone.

At the prosent development of metal studies as applied to tho use of tur?ine
blades which do not have special cooling, the temperature of gases in front of
the turbine must not exceed 850=-870°C, This temperature is reached when & fuel=-
air mxture is burned with an air excess coefficient in the mixture of 3.5-L.0.

Oreat diff‘ﬁulties were encountered in organizing the combustion process
for such poor mixtures in the gas flow because the speed of the pas flow in
modern combustion chambers for pas-turbine enpines is approximately equal to !
the £lame propagation speed of a normal mixture (&A= 1), A poorer mixture,
as is well-known, decrcases the speod of flame propapation, Therefore, the {
flame will collapse and be extinguished in the combustion of poor mixtures, ;

In order to provide the necessary combustion speeds of the mixture at the §
end of the chamber, we muet divide the combustion process into two parts, namely, ‘
into combustion of the main fuel mass, and mixing of tne combustion products
with additional air, Thus, the combustion chamber is divided into two zones,
the combustion wone, where the main mass of fuel is burned with an air excess

coefficient providing high fleme propagation speeds, and the mixing zone, where

[
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the Lemperalire required in front. of the turbine is abtained by wixing of the
combuetion produste with dilnting aiv. For thia reason, Ue atr enLering the
chamber from the comprensor s divided into two parts 1n all modern nlu\mboru.d
The first part (primavy alr) entera the main combuntlon wone, while ll.e necon
part (pacondary atr) does not participate in the main combuetion but ta mixed
wilh the combuation jrodueta in the mixing zone Lo raduge the pan tompovature

Lo the yequired valve,
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